SUMMARY : Hydrogenases from Axotobacter winelandii and Clostridium pasteurianum reduced methylene blue, ferricyanide, benzyl-and methyl-viologens when hydrogen was the donor. Methylene blue was the most effective acceptor. Hughes press preparations of either organism in tris (2-amino-2-hydroxymethyl propane-1 :8-diol) buffer (pH8-0) resulted in the best extraction of the enzyme. Hydrogenase from C. pasteuriunum was readily inactivated by traces of oxygen but this could be prevented by sodium dithionite. Pyridine nucleotides and cytochrome c. are reduced by hydrogenase, but in extracts of Azotobacter, however, the addition of iron was required to couple DPNH to cytochrome c. The mechanism appears to involve the reduction of Fd+ to Fe*+ enzymically and the Fea+ is oxidized by cytochrome c non-enzymically. The effect of pH value and nature of buffer on this system was examined. Mo6+ did not reduce cytochrome c, with or without hydrogenase.
Since the work of Bortels (1930) it has been known that molybdenum is required for nitrogen fixation in Azotobacter species, and that vanadium can partially replace it in this process. Horner Nicholas (1957) and B o d , Bovk & Arnon (1957) confirmed that molybdenum is essential when Azotobacter is utilizing atmospheric nitrogen, although its replacement by vanadium may vary with species. Takahashi & Nason (1957) and Keeler & Varner (1957) showed that tungstate is a competitive inhibitor of molybdate in nitrogen fixation, and Keeler &Varner (19574 demonstrated the incorporation of tungstate into the same protein fraction as molybdenum. Esposito & Wilson (1955) showed that calcium and iron were also required for nitrogen fixation in Azotobacter vinelandii and Nicholas (1957, 1958a, b) showed that a deficiency of iron or molybdenum restricted the fixation of nitrogen in Azotobacter and in Clostridium.
The enzyme hydrogenase of a range of micro-organisms, which reversibly activates hydrogen gas (Stephenson & Stickland, 1933) was shown by Lee & Wilson (1948) to be correlated with nitrogen-fixing capacity in Azotobacter ; organisms grown with combined nitrogen contained significantly less hydrogenase than those which were utilizing gaseous nitrogen only. Hoch, Little & Burris (1957) identified a hydrogen exchange reaction in root-nodule bacteria ments were prepared in 11. of appropriate culture medium. Cultures of Azotobacter vidandii (0) were well aerated with sterile air dispersed in the media by passage through sintered-glass disks.
Inoculum of Clostridium pastezcrianum for large-scale experiments was grown under semi-anaerobic conditions in 4 oz. medicine bottles fitted with screw caps containing 100ml. of the following medium (g./l. deionized water): 20, glucose; 1 tryptone (Difco); 1, agar, 1, CaC%.
For large-scale experiments the bacteria were grown in 10 1. Pyrex jars each containing 8 1. medium. The Axotobacter spp. were grown for 48 hr. a t 30" and Clostridium pasteurianum for 48 hr. at 87". Cultures of A . vinelandii (0) were well aerated with sterile air. Nitrogen gas was passed through cultures of C. pasteurianum to maintain anaerobic conditions. The bacteria, collected in the cold in a Sharples centrifuge a t 30,00Og, were washed twice in 0-85 % (w/v) NaCl solution and stored in a deep-freeze cabinet at -17".
Preparation of cell-free eiztracts. Washed organisms were disrupted in a
Hughes press (1951) a t -30". Azotobacter vinelandii (0) organisms, suspended in 0*2~-tris (2-amino-2 hydroxymethyl-propane-1 : 3-diol) buffer (pH 8-0) at 8 g. wet wt. organism/24 ml. buffer, were put in the press precooled to -20" with solid carbon dioxide. The frozen suspension of organisms was disrupted by dropping a steel weight (112 lb.) on to the press plunger in a special pile-driver. Clostridium pasteurianum was suspended in 0-1 M-phosphate buffer (pH 7.5) and treated in the same way. The crushed material was collected in a plastic tube and after thawing was centrifuged a t 20,000 g for 80 min. (unless otherwise stated). The supernatant solution, which was used in some experiments as a source of hydrogenase, was also fractionated by conventional methods.
Assag of hydrogenase. Hydrogen uptake by whole organisms and their extracts was measured in a Warburg apparatus, with a variety of H-acceptors including benzyl and methyl-viologen, methylene blue, and potassium ferricyanide. The routine assay with methylene blue was as follows. Main compartment: 1 ml. 0*2~-phosphate buffer (pH 7.5); 0.5 ml. 10-2M-Na,S,0, in 0-1M-phosphate (pH 7.5); 0.5 ml. 8 % (w/v) gelatin; 0.5 ml. enzyme preparation. Skk-arm: 0-5ml. 3 x 10-2M-methylene blue. centre well: 0.2 ml. 20 % (w/v) KOH. Gas phase hydrogen; bath temperature 33' . The addition of 15 pmole sodium dithionite stabilized the hydrogenase and gelatin protected it from inhibition by the various dye acceptors. The specific activity of the enzyme is expressed in pl. H,/mg. N or protein/hr. i.e. QH, (acceptor).
Total nitrogen and protein determinations. Total nitrogen was determined in whole organisms and in extracts by the micro-Kjeldahl method. Protein was determined in extracts by the Folin method of Lowry, Rosebrough, Farr & Randall (1951) . Enzyme extracts prepared in tris buffer and those fractionated with ammonium sulphate were thoroughly dialysed against running tap water for 24 hr. before protein or nitrogen determinations. Growth determinations were based on turbidity measurements and the total N content of centrifuged deposits from cultures.
CofaCors and 0 t h compoultds. The effect of suspending the bacteria in buffers before the Hughes press treatment is shown in Table 2 . Maximum extraction of the hydrogenase after centrifuging a t 28,000 g was achieved in both organisms with 04W-tris buffer (pH 8-0).
The relative effectiveness of four acceptors for measuring enzyme activity in extracts was similar to that obtained with whole organisms. Although it was not possible to detect an uptake of hydrogen in a Warburg apparatus with extracts of either organism when using cytochrome c or Extracts of Azotobacter reduced cytochrome c when DPNH was the electrondonor, provided that ferric iron was added (Fig. 3) . In this system DPNH reduced FeS+ to Fe2+ enzymically as measured by the formation of the ferrous o-phenanthroline complex (Fig. 4) and Fe2+ is known to reduce cytochrome c non-enzymically (Webber, Lenhoff & Kaplan, 1956 ). The latter reaction, however, is markedly affected by the pH value and the composition of buffer used (Figs. 5-7) . Hydrogenme and nitrogen jhation Fig. 8 , the optimum requirement being 0-01 pg. Mo/ml. The organisms had a wide tolerance for the metal; it did not become toxic until 0-1 mg. Mo/ml. was reached. Iron was required in greater amounts than Mo as illustrated (Fig. 9) . Sodium vanadate replaced rnolybdate in the growth of A. chroococmm to the extent of 70% (Fig. 10) .
Minutes
The Felml. medium. genase activity in Awotobacter wimlandii (0) and Clostridium pa8tezlrianum are illustrated in Table 8 . A deficiency of Fe in both organisms markedly decreased hydlrogenase activity, but Mo deficiency had no effect on the Azotobacter enzyme and only a small effect on the Clostridium enzyme. Both metals, however, were required for nitrogen fixation; a shortage of Mo had the most profound effect since it was independent of yield of organism. Table 4 shows the effects of sodium tungstate and sodium vanadate on hydrogenme activity and nitrogen-fixation; 2 x lO-%-tungstate in the medium depressed nitrogen fixation but had no effect on hydrogenase activity. A similar result was obtained when molybdenum was omitted; the addition of sodium tungstate to these cultures depressed further the nitrogen fixation but had no effect on hydrogenase. Sodium vanadate a t equivalent concentrations to tungstate did not depress nitrogen fixation. 
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The concentra$ion of hydrogenase from Clostridium pasteurianum The method described by Shug, Wilson, Green & Mahler (1954) for purifying hydrogenase from Clostridium was not successful in our hands since the enzyme is irreversibly inactivated by traces of oxygen. Ethanol inactivated the enzyme no matter what precautions were taken to keep the preparations in a reduced state, e.g. by adding sodium dithionite and storing in Thunberg tubes under hydrogen. Dr D. Westlake has recently experienced similar difficulties with this purification (Dr P. W. Wilson, private communication).
A fractionation of hydrogenase from Clostridium pasteurianum is shown in Table 5 . The organism was grown in media freed from iron to which was returned 0-75 mg. ferric chloride labelled with 0-66 ,uc 69Fe per 1. The various protein fractions were assayed for radioactivity in a scintillation counter (Nicholas, Lloyd-Jones & Fisher 1957) and for hydrogenase activity. The results (Fig. 11) show that iron concentrated in the more purified fractions of the enzyme. Molybdenum did not accumulate in these fractions, and the addition of sodium molybdate did not increase the activity of the purified enzyme. Similar results were obtained with hydrogenase from Azotobacter although a good purification of this enzyme was not achieved.
The inhibition of the partially purified enzyme from Azotobacter was very pronounced when it was dialysed a t 4 O against 0.1 M-phosphate buffer (pH 7.5) + 0.01 M-sodium dithionite containing 5 x 1 0 -3~. o-phenanthroline. After dialysis for 6 hr. the enzyme preparation was transferred to a fresh solution of the same buffer + dithionite and dialysis continued for a further 6 hr. by which time excess o-phenanthroline was removed. At this stage reactivation of the enzyme was tried by returning metals (including Fe, Mo) to samples of the dialysed enzyme preparation. The results (Table 6) show that dialysis against 
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